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A STUDY  IN  WOUND  BALLISTICS 


I.  INTRODUCTION. 

Wound  ballistics  seeks  to  relate  ballistic  ptopertiesoli  projectile  to  effects  of  shit.  The  complexity  of  the 
phenomenon  calls  for  a subdivision  of  the  problem  into  simpler  subproblems  and  for  an  investigation  of  special  cases 
of  these  subprobtems.  A solution  of  the  general  problem  can  be  obtained  by  extending  the  relations  obtained  for  the 
special  cases  and  synthesizing  a solution  from  these  partial  results.  The  general  problem  can  b*  divided  into 
subproblems  in  many  different  ways.  Each  subdivision  may  allow  a variety  of  approaches  to  a synthesis  of  a general 
solution.  One  such  subdivision  and  a method  of  synthesis  can  be  readily  recognized  in  the  approach  used  in  the 
past.1 


The  put  studies  began  with  the  selection  of  a projectile;  i.e..  its  shape,  mass,  and  striking  speed.  A aeries 
of  projectile  hits  was  examined  by  determining  the  rate  of  retardation  in  various  mammalian  tissues  and  by  tracing 
each  path  on  charts  of  the  human  anatomy.  The  resulting  injury  was  estimated  by  comparing  these  paths  with 
qualitative  information  on  injury  produced  in  experimental  animals.  The  injury  was  interpreted  in  terms  of 
percentage  of  incapocitution.  Thus,  wa  have  a subdivision  of  the  problem  into  a description  of  the  projectile,  a study 
of  hits,  an  estimation  of  injury,  and  an  assessment  of  incapacitation. 

The  pad  investigation  was  restricted  to  certain  projectile  shapes  and  velocities,  and  only  horizontal 
trajectories  through  the  body  were  analyzed.  The  results  obtained  for  several  combinations  of  these  variables  were 
synthesized  into  percentage  of  incapacitation  from  which  equations  for  probability  of  incapacitation  were 
obtained.1 


In  this  report,  we  propose  to  retain  this  subdivision  of  the  problem  into  ballistic  properties  of  the 
projectile,  the  hit.  the  injury,  and  the  consequences.  We  think  that  the  wound  ballistics  problem  will  benefit  from  a 
subdivision  Into  still  smaller  problems  and  from  un  explicit  statement  of  selected  restrictions  and  intended 
extensions.  A detailed  list  of  alt  the  constituents  of  this  subdivision,  together  with  a precise  definition  of  every 
clement,  shows  quite  ruuuily  the  possible  choices  of  subproblems  that  can  be  obtained  by  restrictions  to  special 
cuses.  At  the  sai  > . time,  the  list  of  constituent  parts  puts  each  suhproblein  into  proper  relation  to  other 
subproblems,  We  emi  quickly  see  which  elements  cun  be  quantified  and  related  analytically  to  each  other  and  which 
relations  should  remain  qualitative,  expressed  in  a foim  of  branching  lists  or  tables,  As  we  cannot  establish  empirical 
relations  between  every  projectile  and  the  corresponding  consequence . our  final  relations  must  be  analytic  or  at  least 
they  must  be  qminliluiivc  ui  permit  a meaningful  extension  in  terms  of  Interpolation  or  extrapolation;  however, 
intermediate  relations  mu.,  well  he  of  a tabulur  or  u similar  uuiuic. 

This  repot ; does  mil  present  solutions  to  uny  subproblem  of  wound  ballistics.  Instead  it  is  limited  to  an 
analysis  of  the  problem.  We  believe  that,  whenever  possible,  analysis  should  precede  the  experimentation  uml  data 
collection,  both  of  whim  ate  indispensable  for  a solution.  Analysis  is  simply  un  explicit  enumeration  of  the 
assumptions,  restrictions,  and  hypotheses  that  define  subprouicim  in  a sufficiently  simple  and  specific  manner  in 
order  to  permit  a feasible  approach  and  a solution  within  a reasonable  time.  One  should  start  collecting  experimental 
data  for  testing  the  hypotheses  and  for  constructing  a solution  only  after  specific  hypotheses  have  been  formulated, 
and  these  should  approximate  hie  complex  reality  by  sfmplilied  relations.  Some  hypotheses  proposed  in  this  report 
can  lie  tested  with  the  dai»  iliut  me  already  available. 

We  believe  that  the  analysis  presented  below  puts  in  a proper  perspective  the  problem  of  the  synergistic 
effect  of  multiple  wounding  as  well  as  the  question  of  serious  and  lethal  wounds. 

II.  PROBLEM  ANALYSIS. 

As  stated  in  (he  introduction,  we  divide  wound  buliisltcs  problems  into  a description  of  the  projectile, 
tiro  Int,  thu  injury,  and  die  consequences  of  the  injury,  it  is  not  possible  nor  necessary  to  provide  a complete 
description  of  these  four  pails  of  the  phenomenon;  rather  we  need  only  to  specify  those  aspects  which  ate  essential. 
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Preceding  page  blank 


In  other  words,  we  must  define  abstract  concepts  of  a projectile,  a hit,  and  others,  which  are  spec  in  their  rucvanr 
aspects  and,  at  the  same  time,  an  general  by  explicit  exclusion  of  irrelevant  properties  such  a*  . culur  of  j 
projectile.  What  Is  relevant  and  what  is  not  depends  on  the  purpose  for  which  a solution  of  the  problem  is  aought. 
We  begin  with  the  consequences  that  *em  to  be  of  immediate  relevance  to  the  military  Incapacitation  it  an 
important  consequence  relative  to  munitions  effectiveness  and  casualty  production.  However,  in  the  design  of 
protective  par  for  personnel,  a definition  of  serious  and  lethal  wounds  is  a moro  desirable  measure  of  effectiveness 
for  describing  reduction  in  casualties.  In  this  context,  it  seems  that  mortality  and  morbidity  may  be  appropriate 
criteria  for  dasiffcation  of  wounds  into  lethal  and  nonkthal  and  serious  and  nonserious.  Consequently,  we  choose 
mortality,  morbidity,  and  incapacitation  as  consequences  of  injury. 

With  this  in  mind  we  partition  injury  into  the  local  tissue  damage  of  the  wound  and  the  systemic 
response:  i.e.,  the  change  of  various  physiological  functions  induced  by  the  wound.  The  local  damage  depends 
primarily  on  the  forces  acting  on  the  tissue,  whereas  systemic  response  is  mostly  dependent  on  the  damage  to  the 
physiological  system.  Therefore,  the  description  of  a Mt  must  include  both  the  anatomical  site  and  the  force  exerted 
on  the  tissue. 

The  force  depend*,  among  other  things,  on  the  total  energy  of  a projectile  and  its  ahspe.  We  specify  the 
projectile  by  its  mats,  striking  speed,  drape,  and  type. 

On  the  bads  of  the  preceding,  we  obtain  the  following  llrst  level  subdivision  of  the  problem. 

1.  Projectile 

Mats  of  projectile 
Impact  speed 
Shape  of  projectile 
Type  of  weapon 

2.  Hit 
Anatomical  site 
Interaction  force 

3.  Injury 
Wound 

Systemic  response 

Feedback  between  wound  and  response 

4.  Consequences 
Mortality 
Morbidity 
Incapacitation 

In  this  subdivision,  only  the  mass  and  the  speed  ot  a projectile  need  no  further  specifications,  whercus  the  remaining 
concepts  still  must  be  defined,  it  is  useful  to  subdivide  all  these  elements  further;  I.e.,  to  enumerate  their  parts  and 
then  to  dt  fine  each  part. 

In  order  to  define  the  tfhape  of  a projectile,  we  propose  u first  approximation  based  on  the  assumption 
that  die  projectile  does  nut  break  up  or  deform  upon  impact.  Therefore,  the  shape  of  s projectile  with  s regular 
geometry  can  be  readily  described  In  terms  of  a few  numerical  parameters:  for  example,  ss  the  radius  of  a sphere.  An 
irregular  projectile  such  as  a fragment  can  be  approximated  by  an  ellipsoid  or  parallelepiped.  The  most  convenient 
choice  of  parameters  depends  on  postulating  wounding  mechanisms  which  include  an  assumption  on  the  interaction 
between  the  projectile  and  the  tissue. 
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A hit  ii  described  by  hi  anatomical  site,  such  u the  heed,  thorax,  abdomen,  or  limbi.  In  each 
anatomical  site,  we  have  at  least  two  kinds  of  time:  soft  (ddn,  fat,  muicle,  organ  parenchyma,  fluid,  air)  and  hard 
(bones,  cartilage,  ligament*).  Therefore,  a description  of  a hit  also  involves  the  force  of  interaction  between  the  type 
of  (issue  in  the  anatomical  site  and  the  projectile.  This  force  ie  a faction  of  time  or  distance,  aa  wed  as  of  projectile 
characteristics  and  physical  properties  of  the  tisanes . 

In  older  to  relate  the  injury  to  the  consequences,  we  must  describe  the  wound  by  snatomkai  rite  and 
alio  we  must  specify  the  physiological  systems  involved,  such  as  central  nervous,  cardiovascular,  pulmonary,  and 
others.  The  systemic  response  parameters  and  their  changes  are  a part  of  description  of  the  ktfury. 

Mortality  can  be  expressed  either  as  time  to  death  after  injury  or  aa  rata  of  mortality  within  a specified 
period.  In  different  applications  of  the  wound  ballistics  modal,  we  may  bs  intern  ted  in  either  of  these  descriptors; 
hence,  we  include  both  in  our  definition  of  mortality. 

We  chooee  to  measure  morbidity  in  several  ways.  It  can  be  measured  In  terms  of  general  derangement  of 
the  Injured,  the  urgency  for  medical  attention,  the  recovery  period,  or  permanent  disability. 

Examples  of  leveli  of  incapacitation  are  probabilities  of  incapacitation  related  to  various  combat 
missions,  aa  discussed  in  reference  2.  for  instance. 

Specific  definitions  of  all  these  components  of  our  subprobtems  are  presented  below  together  with  a 
discussion  of  their  Interrelation. 

III.  CONSEQUENCES. 

At  stated  abova,  we  ure  interested  in  the  following  consequences  of  injury:  mortality, morbidity,  and 
Incapacitation.  Mortality  can  be  expressed  as  the  expected  mortality  rate  within  a specified  period  of  time  or  as  the 
expected  time  to  death.  Abstractly,  mortality  Is  a pair  that  consists  of  a function  of  period  of  time  (expected 
mortality  rate)  and  a scalar  (expected  time  to  death). 

Of  course,  more  generally,  we  should  consider  mortality  rata  as  t random  function  and  time  to  death  as 
a random  variable  instead  of  their  expected  vaiuca.  However,  tills  would  complicate  appreciably  our  problem  that  is 
ulreudy  difficult,  since  It  would  require  determination  of  the  respective  probability  distributions.  Instead,  we 
simplify  the  problem  uveu  further  and  replace  the  function  of  time  that  expresses  expected  mortality  rate  by  its 
values  a l preselected  points,  say , t j , t2< . . .,  t„.  These  may  be,  Tor  Instance,  as  follows:  t j ■ 30  sec,  ■ 5 min,  t3  ■ 
JO  min,  14  * 12  hours,  tj  ■ 5 days,  or  any  other  collection  of  interest.  Thus,  we  define  mortality  as  a six-dlmemlonsl 
vector  whose  components  are  five  expected  mortality  rates  within  specified  periods  of  time  and  the  expected  time  to 
death. 


Morbidity  cun  be  defined  us  the  deviation  of  an  injured  person  from  normsl.  We  call  this  deviation 
dcrungemcnl.  It  can  be  measured  in  terms  of  the  changes  in  physiological  functions  such  as  ventilation,  circulation, 
metabolism,  endocrine  secretion,  and  neurological  functions.  Obviously,  tills  deviation  la  a function  of  time  and,  as 
in  tite  case  of  the  rate  of  mortality , we  replace  this  vector-valued  function  by  its  values  et  specified  instances  of  time. 

Another  measure  of  morbidity  is  the  time  interval  that  an  injurad  person  can  wait  lor  medical  treatment 
without  an  appreciable  effect  on  his  chance  for  recovery,  We  call  this  tolerance  period. 

The  third  measure  of  morbidity  is  the  expected  hospitalization  period  which  we  call  recovery  time. 

We  are  also  interested  In  a long-range  effect  of  injury.  Hence,  we  mclude  permanent  disability  sz  : part 
oi  our  definition  of  morbidity.  Tire  Committee  on  Rating  of  Mental  and  Physical  Impairment  divider  the  problem  of 
dutc  i urination  of  disability  into  the  medical  and  administrative  parts.  The  medical  problem  consist*  of  determination 
ol  pumuiient  impairment;  i.e.,  a change  in  physiological  and  biomechanical  functions  due  to  damage  to  organs  and 
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Useuet.  The  admiuferative  put  la  an  interpretation  of  impairment  in  terms  of  diubility.  Besides  the  dependence  on 
impairment,  the  resulting  diubility  fi  influenced  by  the  age  of  the  person,  by  his  working  conditions,  his 
adaptability,  and  by  other  factors. 

The  Committee  published  Guides  to  Evaluation  of  Permanent  Impairment,2'13  which  enumerate 
impairments  and  the  aaeociated  symptoms  and  pathology  In  the  following  areas  of  medical  interest: 

1.  Ear,  note,  throat,  and  related  structures 

2.  Extremities  and  back 

3.  Visual  system 

4.  Cardiovascular  system 

5.  Central  nervous  system 

6.  Digestive  system 

7.  Peripheral  spinal  nerves 

8.  Respiratory  system 

9.  Endocrine  system 

10.  Mental  Wntts 

11.  Reproductive  and  urinary  system 

Impairments  and  ralated  pathological  conditions  are  further  delineited  in  these  guides.  For  instance,  an 
impairment  of  extremities  includes  deficiencies  in  Angers,  hands,  urns,  legs,  etc.,  u separate  impairments.  The  guides 
also  provide  • convereion  of  Impairment!  in'  o percentage  of  diubility.  Thus,  these  guides  can  be  used  to  express  this 
aspect  of  morbidity  u percentage  of  permanent  diubility. 

The  third  consequence  of  Injury  is  incapacitation;  l.#„  reduction  of  ability  to  perform  specified  military 
tasks  such  u asuutt,  defense,  supply,  and  raserva.  Wa  feel  that  this  consequence  should  be  dtvidad  Into  medical  and 
administrative  (tactical)  parts  In  a fashion  similar  to  the  permanent  diubility  discussed  above.  The  medical  problem 
again  la  a determination  of  the  impairment  of  physiological  end  biomechanical  functions.  We  define  this  u a present 
impairment,  in  contradistinction  to  the  permanent  impairment  discussed  shove. 

We  may  begin  by  refining  the  functional  groups  that  ate  being  used  in  the  studies  of  incapacitation  and 
consider  the  level  of  consciousness  and  the  ability  to  communicate  as  separate  functional  groups  instead  of 
expressing  them  In  terms  of  functions  of  extremities  u is  currently  done.  We  may  further  refine  the  groups  that 
constitute  a pert  of  the  preuntly  employed  assessment  of  incapacitation  by  adding  separate  groups  for  loss  of 
dexterity  of  fingers  and  hands.  An  analysis  of  activities  required  In  the  performance  of  selected  combat  duties  may 
also  be  very  uieful  in  choosing  a proper  refinement  of  the  preient  groups. 

Another  approach  to  h definition  for  present  impairment  Is  to  begin  with  the  list  of  permanent 
impairments  which  can  be  constructed  fium  information  contained  in  the  guides3'1 3 and  modify  this  list  to  obtain  a 
meaningful  collection  of  preient  impairments. 

In  any  caw,  we  would  define  preient  impairments  either  by  constructing  a list  of  the  familiar 
16  functional  groups,  or  a refinement  of  theae  groups,  or  by  tabulating  a more  comprehensive  grouplngcomprtied  of 
the  various  cases  analogous  to  permanent  impairments  enumerated  in  the  guides. 2- 12 

The  list  of  present  impairments  must  be  supplemented  by  formulas  and  tables  that  convert  the 
impairment  into  incapacitation  in  a fashion  similar  to  that  for  converting  i permanent  impairment  into  permanent 
disability  as  dtscrlbed  In  the  guides.3  1 3 

At  this  point,  it  should  be  noted  that  there  ere  two  types  of  synergistic  effects  of  Impairments.  One  is 
due  to  direct  interaction  of  imoeired  Mnmanhat  k*»l  fimrti.  ,n«  *mt  tt».  n«h*r  j.  4,.»  ft-dfcsc!: 

wound  and  systemic  response.  The  first  type  of  effect  is  analyzed  in  the  guides;3'13  end,  according  to  the  rules  for 
converting  impairments  to  diubility  u formulated  In  the  e guides,  the  results  of  some  impairments  ire  added.  There 
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me  mi|>ainnents  that  jointly  produce  leu  disability  than  one  would  obtain  by  simply  adding  the  rendu  of  each 
impairment,  and  there  are  also  impairments  that  jointly  produce  m ire  disability  than  just  the  sum  of  individual 
eoniiibutions.  All  this  must  be  considered  in  the  evaluation  of  synergistic  effects  of  multiple  present  impairments. 
Of  course,  the  feedback  effect  mentioned  above  must  be  considered  additionally. 

IV.  INJURY, 

There  are  four  aspects  of  injury:  the  wound,  its  local  effect,  the  systemic  response,  and  their 
interaction.  By  the  wound  we  mean  a disruption  of  structural  integrity  of  die  injured  tissue  and  the 
hiuopa Biological  conditions.  Systemic  response  consists,  among  others,  of  a changa  In  Mood  pressure,  heart  rate, 
endocrine  accretion.  We  mutt  alio  consider  the  local  efTect  of  the  wound  and  the  feedback  between  the  wound  and 
(he  systemic  response, 

A specific  deacription  of  the  wound  and  of  the  systemic  response  depends  on  tha  conaequences  that  we 
warn  to  consider.  Tlwrefoie,  we  discuss  die  injury  in  relation  u>  each  of  the  three  aspects  described  above. 

Moitulity  Is  a result  of  a change  of  physiological  functions;  therefore,  we  need  only  to  consider  systemic 
icsponse  measuiud  in  terms  of  disruption  of  homeostasis.  Immediate  change  in  homeostasis  is  the  change  of 
hemodynamic*  uud  ventilation,  litis,  in  turn,  affects  the  icsponte  of  the  endocrine  and  nervous  systems.  The  result 
of  nil  of  these  changes  Is  an  alteration  of  blood  gases  and  metabolism  which  affect  hematological  parameters  ami 
integrity  of  cells  and,  consequently,  the  level  of  serum  enzymes.  Therefore,  we  can  deacribe  the  systemic  response  in 
terms  of  paiuinoters  that  characterize  tire  following:  (1)  hemodynamics,  (2)  ventilation,  (3)  endocrine  and 
sympaiiiuiiiuiiclic  secretion,  (4)  blood  gases,  (5)  serum  colloids,  (b)  metabolites,  (7)  enzymes,  (8)  hematology,  and 
(V)  cougulu.iou. 


Numerous  efforts  have  been  made  to  determine  mortality  rate  (probability  of  denth)  In  terma  of  the 
variuolt:.  luted  above.  For  instance,  the  probability  of  death  is  obtained  as  a function  of  a single  metabolite,  namely, 
luctutc,  bv  Well  and  Aflfi.1 3 It  was  shown  that,  for  a group  of  142  patienta  suffering  shock  of  varying  etiologies,  tire 
piedluiou  oi  survival  und  noiiturvivul  bused  on  tills  parameter  waa  accurate. 

Aim  et  u/.u  chose  u set  of  successive  determinations  of  us  ferial  systolic  blood  pressure  (hemodynamic 
p,udiue>ei)  ami  pH  (blood  guy)  us  predictors  of  the  outcome  of  $2  patterns  that  were  in  shock  because  of  overdoies 
ol  baiunuiaie,  j.lutetlitimde,  or  inep.obumule.  A Uiscrhnitiuni  function  based  on  tlrese  variables  computes  mortality 
wirii  tit,,,  accuiucy.  Thus,  various  linear  and  nonlinear  disci nnlnators  are  available  that  can  be  used  to  determine 
mouuihy  nire  in  tonus  of  systemic  parameters.  Expected  time  to  uealh  can  also  be  estimated  on  the  basis  of  the 
same  vat  ladie  s,  We  Discuss  specific  models  tor  these  variables  hi  section  VII, 


Muibknly  aspects  arc  of  two  categories.  Derangement,  tolerance  period,  und  recovery  time  belong  to 
(lie  iii'.t  culi^oiy  t.nu  can  be  expressed  in  terms  of  systemic  variubies  in  a fashion  similar  to  mortality.  The  second 
category  ti.uuuc*  peiumnont  Impuii  merits,  these  depend  o.i  a wound  and  on  the  systemic  response.  A description  of 
wouuus  Ihtti  can  be  tcadily  related  to  peiniancnt  ittipuhoiciu  might  be  obtained  us  follows.  First  we  list  all  the 
pcimanuii!  impmimcnb  Described  in  tlie  gu,de».^‘*  “ fur  each  impairment,  wc  list  patnologicai  conditions  explicitly 
mentioned  or  implied  Next,  tor  each  patnoiugiual  eoriuinon,  we  describe  a class  of  wounds  that  lead  to  the 
i. tiiidiliuirit,  liiui.  v.c  coiicdei  lire  lollowmg  nhemc. 


llstglul.llR.Ml  Nil.  1 


wound  Nu.  i 


t'JMiUlUjflCui  ( Utldluuii  Nw.  1 


VruunU  No.  N 


Slti)  aai iltiiti  NO.  K 


AiUlOlugMUll  GuilUuiUI  No.  M 
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lnipumucm  No.  H 


It  should  be  noted  diet  the  relation  of  a wound  to  the  permanent  pathological  condition  nuy  be 
stochastic;  U.,  we  may  consider  probabilities  of  several  pathological  conditions  together  with  specification  of  a 
wound.  SimOaiiy,  permanent  pathological  conditions  may  be  related  to  perm  ament  impairments  in  terms  of 
probabilities. 

The  tu Mists  of  pathological  conditions  extracted  from  the  guidn3'13  should  be  examined  **.r  adequacy 
and  supplemented,  if  necessary,  by  a procedure  baaed  on  the  Delphi  method;  l.e.,  proper  questionnaires  riiouid  be 
deigned  and  the  snswrrs  diould  be  collected  and  edited  according  to  the  Delphi  technique.  The  tame  procedure 
should  provide  sublists  of  wounds  for  each  permanent  pathological  condition.  This  would  yield  a relation  between 
permanent  impeimtenu  and  die  wounds. 

The  next  step  would  be  to  collect  accident  and  battlefield  data  of  wounds  that  are  included  in  the 
subUsta  and  check  the  validity  of  die  relation.  Obviously,  we  cannot  hope  to  collect  enough  data  for  checking  every 
branch  of  the  Ust  of  impairments,  pathological  conditions,  and  wounds.  Therefore,  most  of  the  relations  will  remain 
subjective  assessments.  However,  they  will  be  objective  in  that  they  will  represent  a pooled  opinion  of  several 
aseesaon  and  will  remain  the  same  for  each  application  until  revised  and  improved. 

Pieesnt  impairment  in  the  incapacitation  should  be  handled  in  a similar  manner.  Again  one  should  begin 
with  a Ust  of  impairments  of  biophysical  functions,  including  communication  and  consciousness-  The  subMsts  of 
pathological  conditions  for  each  impairment  and  the  subllsts  of  corresponding  wounds  should  be  constructed.  A 
relation  of  a wound  to  systemic  response  should  bs  taken  into  account  by  specifying  pathological  conditions  for 
various  periods  of  time.  In  other  words,  for  a specified  impairment  such  is  loss  of  der.terlty  of  digits,  we  may  choose 
several  pathological  conditioni  of  varying  severity  according  to  the  period  of  time  between  wounding  and  the 
manifestation  of  the  impairment.  It  may  be  expedient  to  consider  aggravation  of  the  impairment  by  derangement 
obtained  in  the  asaewntnt  of  morbidity.  Such  • relation  of  physical  impairment  to  the  level  of  derangement  may  be 
a proper  vehicle  for  introducing  the  synergistic  effect  of  multipie  wounding. 

The  validity  of  the  relation  between  the  present  impairments  and  the  corresponding  wounds  should  be 
tested  by  available  accident  and  battlefield  data. 

In  aummaiy,  the  injury  consists  of  the  values  of  syatemic  variables  determined  at  a specified  Ume  after 
wounding,  the  description  of  a wound  in  terms  of  damage  to  structural  integrity,  and  pathology.  The  typa  of  tissue 
and  the  organ  or  phyriological  system  Involved  must  also  be  specified  in  this  description.  Wound  description  may 
remain  qualitative.  However,  it  may  be  expedient  to  quantify  the  woundi. 

We  may  quantify  a wound  by  a triplet  of  numbers  as  follows.  Let  Wj  be  the  total  volume  of  tissue  that 
must  be  removed  before  suture  of  the  wound.  We  call  the  cavity  that  results  from  debridement  (assuming  no 
contraction  or  expanrion  of  the  remaining  tissue)  the  ultimate  cavity.  For  brevity,  we  also  call  its  volume,  w, . 
ultimate  cavity.  Let  w2  be  the  maximum  cross-sectional  area  of  the  ultimate  cavity.  We  call  w2  ultimate  cut.  These 
two  quantities  correspond  to  two  different  wounding  mechanisms  that  are  frequently  referred  to  as  energy 
deposition  and  cutting.  Hiatopathological  conditions  are  quantified  as  follows.  After  debridement,  the  wound  is 
flushed  with  saline  and  the  waihed-out  tissue  cells  are  spun  off  for  a dye-exclusion  test  of  viability.  The  percentage  of 
the  dye-exclusion  cells  is  determined.  Let  this  percentage  be  w3,  Thus  a complete  definition  of  the  wound  for  each 
type  of  tissue  requires  a triplet  of  numbers:  Wj,  w2,  and  W3. 

One  can  expect  a considerable  variability  in  the  estimates  of  these  numbers,  especially  because  uf 
variability  in  Judging  how  much  tissue  should  be  debrided.  In  animal  experiments,  the  procedure  for  debridement 
can  be  preicribed  in  detail  in  order  to  reduce  this  variability,  which  also  affects  the  hiatopathologicai  value  w3  One 
possible  approach  may  be  to  uae  the  change  in  color  of  liquid  crystals  sprayed  on  the  Injured  tissue  in  order  to 
determine  the  amount  of  tissue  to  be  debrided.  Experiments  at  the  BtophysicsDiviiion  using  this  technique  suggest 
that  it  may  be  profitable  io  search  for  a refinement  of  this  method.  A rcfls^A  \nuy 
effecting  relatively  uniform  debridement.  "" 
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Experiments!  data  may  be  employed  to  obtain  an  analytic  approximation  of  ultimate  cavity  and 
ultimate  cut  in  termi  of  the  force  exerted  on  the  tisaue.  Let  ut  assume  that  the  postulated  wounding  mechrnitm 
leads  to  t*,o  different  types  of  interaction  forces,  say,  Fj  and  F2-  In  the  next  section,  we  discuss  a hypothesis  'hat 
leads  tj  two  such  forces.  We  may  try  to  represent  the  ultimata  cavity,  the  ultimate  cut,  and  histopethoioiy  in  teima 
of  functionals  of  these  forces.  Let  u»  assume  that  tha  ana  ;«*t)  of  the  cross  section  of  the  ultimate  cavity  normal  to 
the  path  of  the  projectile  is  proportional  to  Fj,  and  the  maximum  diameter  of  this  crow  section,  ^max^’  ’* 
proportional  to  F2;  l.e.,  A(t)  ■ aF j and  Dnux(t)  ■ bFj.  Then  the  fonnuias 


*1 


•/ 


A(tMt)dt 


and 


w2 


OMOdt. 


(1) 


(2) 


with  Integration  over  the  duration  of  penetration,  approximate  ihe  ciwny  w j and  the  ultimate  cut  w2.  The  quantity 
w2  may  be  attributeu  to  hydrodynamic  force  only  and  hence  we  may  cousidci  the  foUowing  approximation; 


w3 


(3) 


where  C is  a constant, 

This  choice  of  quantification  of  a wound  requires  lliui  the  questionnaires  discussed  above  be 
complemented  with  autopsy  pictures  and  the  histological  findings  conisponding  to  the  various  levels  of  damage. 
This  information  should  be  associated  with  the  corte$pondiii|)  values  of  w j , w und  Wj.  Tire  questionnaire  would 
aim  require  the  values,  or  ranges  of  values,  of  *>,  w2,  and  to  produce  the  pathological  conditions  contained  in 
the  lists  of  permanent  and  present  impairments.  Of  course,  ull  experimental  data,  including  autopsy  and  histological 
records,  should  first  be  examined  to  test  if  the  proposed  quantification  of  wounds  is  adequate. 

A simple  and  yet  still  Icici.tly  accurate  description  of  local  injury  seems  to  be  the  most  complicated  part 
of  the  wound  ballistics.  An  extensive  anulysls  of  existing  experimental  data,  including  tissue  simulants,  should  be 
conducted  and  e few  simple  hypotheses  on  Intenction  mechanisms  between  a projectile  and  the  tissue  should  be 
tested.  Some  new  experiments,  especially  wall  tissue  simulants,  may  be  required  lor  determination  of  an  acceptable 
interaction  model. 


V.  HIT. 


Description  of  a tilt  depenu.  un  rite  choice  of  quuntilicutioii  of  the  injmy  We  introduced  a concept  of 
subliats  of  pathological  conditions  tiiui  lead  u<  a present  or  petmanent  impairment.  These  conditions  are  associated 
with  certain  anatomical  parts  of  the  body.  Hence,  for  a specified  pari,  protective  environment,  and  weapon  or 
weapon  system,  we  can  determine  (lie  co.Jiiioiurl  probability  of  a hit  of  that  unatomical  part,  given  a hit  of  the 
body.  Conditional  probabilities  for  sevciul  ju.u.imicul  parts  may  be  greater  thun  zero  for  certain  single  hits. 


The  wound  it  described  in  temri  of  disruption  of  itiucturs]  integrity  of  the  tissue  end  in  term*  of 
induced  histopathological  conditions.  Therefore,  s hit  it  odd  also  include  * conditional  probability  of  exerting  that 
force  which  produces  the  damage.  Thus,  we  need  to  determine  an  interaction  mechanism  between  projectile  snd 
tissue  and  derive  from  this  relation  the  frequencies  of  various  magnitudes  of  the  interaction  force.  We  choose  the 
following  hypothesis:  the  force  consists  of  two  components,  one  being  of  hydrodynamic  drag  type  and  the  other  of 
ties  tic -plastic  reaction  type.  Thus  we  propose  to  teat  the  Mowing  simple  equation  of  motion  of  a projectile  within 
the  tissue: 


_ dv  , 

m--  •»  ~C|V* 

dt  1 


«2V 


(4) 


where  m is  the  mass  of  the  projectile,  v Is  Its  speed,  and  Cj  and  c-j  are  proportionality  coefficients  that  depend  on 
properties  of  tinue  and  projectile,  such  ss  shape  and  orientation.  ff,  for  each  type  of  tissue,  wa  replace  cj  and  C2  in 
equation  4 with  their  expected  values  taken  over  ail  the  possible  orientations  of  a projectile,  we  can  integr  :te 
equation  4 to  obtain 


v ■ 


(5) 


when  x la  the  depth  of  penetration  and 


« 2 
v0 


e 


c,x 


m 


Cgt 

®2  ♦ clv0  ~ m 

1111  - t 

v0 


(6) 


where  vq  is  the  striking  velocity.  Now  we  can  obtain  the  two  forces  (their  expected  values)  of  the  interaction 
between  the  projectile  and  the  tissue,  namely,  Fj  ■ C|V^  and  F2  ■ as  functions  of  time. 

We  on  obtain  a description  of  a hit  either  by  examining  available  battlefield  data  or  by  comparing  the 
geometry  of  the  involved  anatomical  part  with  the  geometry  of  the  missile  path  and,  If  applicable,  with  protective 
barriers. 


The  date  on  projectile  retardation  by  mammalian  tissue  and  by  tissue  simulantr  can  be  used  to  test  the 
interaction  model  and  to  determine  its  parrmsters  such  as  Cj  and  tj  ^ equations  5 and  6. 

The  model  and  the  geometry  of  the  tissue  involved  can  be  used  for  determining  probability  of  the 
Interaction  force  or  of  tome  functional  of  this  force  such  as,  ay,  total  work  (energy  deposited)  or  total  momentum. 
Of  couise,  these  parameters  of  hit  depend  on  the  projecUlr  descriptors. 

VI.  £BSJgCT.|LE. 

A complete  description  of  the  prcjectile  the  uld  include  joint  frequency  distribution  of  its  maa,  speed, 
and  shape  parameters.  However,  for  the  sake  of  simplicity,  we  propose  to  consider  the  mean  values  (or  rather  their 
estimates)  of  projectile  descriptors.  Tliis  remark  completes  our  definition  of  the  mess  and  the  striking  speed  of  a 
specified  projectile  at  s spec! fled  range. 
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For  definite!***,  we  assume  that  the  dupe  of  a projectile  is  described  by  four  parameters.  The  frit 
parameter  is  the  maximum  presented  area;  the  second,  the  maximum  diameter  of  thh  area;  the  third,  the  mtotomm 
presented  area;  and  the  fourth,  the  maximum  diameter  of  the  minimal  area.  The  sphere  of  radius  r has,  accordingly, 
the  following  shape  parameters:  nr , 2r,  nr2,  and  2r.  The  cube  of  edge  a is  characterized  by  the  following 
parameters:  aV3,  ay/3,  s2.  andey/2.  The  shape  parameters  of  e parallelepiped  of  dimensions  «X  bX  csrttha>b 
and  b>  c are:  Va^b2  ♦ b2c*  ♦ A*,  Ssbc/v/s2^2  ♦ bM  ♦ aV, be. and  v^  + c2.  The  dupe  perametm  of  any 
projectile  of  regular  geometric  form  can  be  expreaed  fat  terms  of  its  geometry.  However,  it  ie  rimptcr  to  derive  these 
ptrameten  empirically.  This  can  be  done  by  obtaining  ths  two  orientations  of  fra  projectile  fret  produoe  the 
smallest  and  largest  rhedows,  with  the  projectile  placed  in  the  path  of  parallel  rays.  Such  orientations  can  be  readily 
determined  with  the  aid  of  a photometer.  Measurement  of  areas  and  maximum  diameters  of  them  fradows  produces 
ths  desired  parameters.  The  dupe  parameters  of  bullets  and  fleohettes  can  be  readly  approximated  in  terms  of  their 
geometric  parameters.  For  instance,  if  the  stem  of  i flechette  hie  radius  r snd  length  C and  two  nKtanpdar  Am  of 
dimension  t X b X c,  then  the  dupe  parameters  of  the  flechette  ire.  approximately.  2(rt  ♦ eh),  I,  it* ♦ 2bc,  and 
2(b  + r). 

The  duties  of  these  diape  parameters  it  dictated  by  our  hypothesis  concerning  the  relation  between 
projectile  descriptors  and  the  hit  characteristics.  Our  hypothesis  assumes  that,  for  a fixed  type  of  tissue  and  a fixed 
type  of  projectile,  i.e.,  projectiles  with  die  same  stability  properties,  the  coefficients  cj  end  cj  In  equations  5 end  ( 
cm  be  approximated  ai  follows: 


C(  ■ ojpj  + 0203  (7) 

and 

c2"^2  + ^2*4  ® 

where  P|,  pj*  Py  and  p4  are  the  missile  shape  parameters  defined  above.  The  coefficientiaj.c^,  fi |,  and  ^ depend 
on  mechanical  properties  of  time  and  on  the  stability  of  the  projectile.  If  Cj  and  Co  are  determined  for  several 
dupes  by  die  method  described  in  the  preceding  section,  see  can  use  equations  7 end  8 to  compute  Oi.aj.d.,  and 
02  by  the  least  squares  method  or  some  other  estimating  technique.  If  the  hypothesis  is  changed  in  any  way,  man  it 
may  be  expedient  to  choose  different  dupe  parameters.  Ths  ones  chosen  were  selected  because  we  propoee  to  test 
our  hypothesis. 

We  also  contider  the  type  of  weapon  as  • part  of  ths  description  of  the  projectile,  since  conditional 
probabilities  of  hitting  various  anatomical  rites  of  the  body  may  depend  on  the  type  of  weapon. 

VII.  MORTALITY. 

In  the  preceding  sections,  we  attempted  to  describe  the  consequences,  injuries,  hits,  and  projectiles. 
Now  we  turn  to  relations  between  these  elements.  Let  C be  the  Ml  of  consequences,  W be  the  aet  of  injuries,  H be 
the  set  of  hits,  and  P be  the  set  of  projectiles.  The  elements  of  these  sets  have  been  defined  in  the  preceding  sections 
with  the  following  relations  (mappings)  in  mind: 


h:  P * H 

w:  H -*  W (9) 

c:  W C 

The  combination  of  these  mappings  produces  s mapping  of  the  set  P into  the  set  C;  U.,  relates  the 
descriptors  of  projectiles  to  the  consequences.  This  is  the  ultimate  goal  of  the  wound  ballistics  which  can  be  achieved 
if  we  succeed  in  deriving  the  three  mappings  indicated  in  equation  9. 
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bi  view  of  the  complexity  of  these  sets,  etpedally  of  the  aet  of  ittjuries,  W,  it  it  advisable  to  examine  a 
pouibihty  of  deriving  mappings  of  simpler  sets.  For  instance,  instead  of  considering  ail  of  the  complexities  of  the  set 
W,  we  may  study  only  the  injuries  to  certain  parts  of  the  body,  my,  extremities.  Suppose  we  succeed  in  obtaining  » 
mapping  of  the  set  P (projectile  descriptors)  into  a subset  of  ror«wuences  that  result  from  injuries  to  extremities. 
This  mapping  can  be  used  in  two  ways.  First,  we  can  use  it  to  evaluate  the  relative  effect  of  projectiles  if  we  assume 
that  whenever  one  projectile  ts,  my,  twice  as  e^ecthe  ost  extremities  at  another,  then  it  is  alio  twice  at  effective  in 
general.  Secondly,  the  general  mapping  of  P into  C can  be  readily  obtained  from  partial  mappings  of  various  subsets. 

There  is  also  another  way  of  chooeing  partial  problems  that  are  much  simpler  then  the  general  problem. 
These  partial  problems  can  be  obtained  by  conaidering  various  projections  of  the  sets  P.H.W, and  C.  We  rectll  that 
the  dements  of  them  sets  tuc  vectors  (n-tupies  of  numbers).  We  can  Ignote  soma  of  the  components  of  these  vectors 
end  condder  the  mappings  of  the  sets  of  tower  dimensions.  We  begin  now  with  such  a choice.  Let  V be  the  set  of 
systemic  responses  to  wounds  and  D be  the  at  of  mortality  rates  at  a specified  time  tQ  after  wounding.  We  seek  the 
mapping  of  V into  D. 

The  patient  date  recorded  in  the  Center  for  Study  of  Shock  and  Trauma  at  the  University  of  Maryland 
during  the  last  several  years  establish  our  dapartun  point  in  a starch  for  such  a mapping.  These  data  contain  various 
systemic  parameter!  measured  in  riiock  end  trauma  patients.  Hie  patients  are  classified  into  survivals  and 
non  survivals.  The  survivals  ate  those  who  left  the  intensive  cere  unit  well  enough  to  be  transferred  to  • general 
hospital  or  to  a rehabilitation  center  for  physical  therapy  or  to  their  homes.  All  nonsurvivals  died  in  the  intensive 
care  unit. 


Some  of  those  >>atienu  came  to  the  Shock-Trauma  Center  after  untucceeaful  treatment  at  other 
hospitali.  For  this  and  other  lessons,  the  time  of  injury  it  not  known  in  many  cases.  However,  we  postulate  a model 
in  which  thin  is  not  Impoitiiin,  because  we  assume  that  a sufficiently  detailed  record  of  the  present  state  of  every  cel] 
end  every  organelle  in  a cell  duos  describe  the  condition  of  the  patient  so  completely  that  Me  medical  history  cannot 
add  anything  to  our  knowledge  of  his  condition.  Of  course,  such  a record  it  not  available.  However,  we  may  teat  a 
hypothesis  that  a sufficient  number  of  systemic  variable!  can  be  selected  so  that  the  pest  medical  htstoiy,  including 
the  time  of  onset  of  traumu  and  shock,  is  superfluous.  If  this  hypothesis  is  correct,  then  the  measurement  of 
syKemic  variables  at  any  Instant  should  be  suflkient  for  predicting  whether  the  patient  will  die  or  live.  On  the  basil 
of  this  hypothesis,  we  initially  do  not  differentiate  between  causes  of  trauma  and  shock.  This  is  consistent  with  our 
assumption  thut  systemic  response  variables  can  be  used  to  predict  the  mortality  rate  without  reference  to  the 
wound  that  produced  this  i espouse. 

The  patient  data  include  SS  systemic  variables.  Our  first  step  is  to  select  a subset  of  these  variables  that 
Is  as  small  as  possible  and  yul  adequate  for  defining  our  mapping  with  sufficient  accuracy.  Therefore,  we  choore  the 
so-called  terminal  point  for  each  patient;  i.e.,  the  last  determinations  of  the  variables  either  before  the  death  of  the 
patient  or  before  his  discharge  from  the  intensive  cere  ward.  The  tciinlnai  sample  should  show  the  difference 
between  near  normal  and  pou  prognosis  conditions  more  dearly  than  un>  other  choice  of  patient  data. 

Let  x stand  for  mi  n-tupie  (n-d Intensions!  column  vector)  of  systemic  variables.  We  assume  that  the 
components  of  x are  jointly  iioinially  distributed  with  the  means  T and  f for  survivals  and  nonaurvivals, 
respectively.  Let  M be  the  covariance  matrix  of  the  components  of  x.  Then  ihe  likelihood  ratio  of  x is 


L(x)  ■ exp|H|(x  * $>)^M"1  (x  - 3?)  - (x  - it'M"1  (x  - I)J 
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where  tupericript  T denotes  a transpose  and  M'1  is  the  inverse  of  M.  Consequently,  the  probability  that  a patient 
will  die  with  systemic  variables  x is 


r*(x)  ■ 


1 

1 ♦ L(x)' 


(10) 


We  selected  32  systemic  variables  that,  by  the  Student's  /-test,  had  the  most  significant  differences 
between  mean  values  for  survi'  als  and  nonsurvivals.  The  data  of  581  patients  were  used  to  estimate  the  mean  values 
? and  y **d  the  covariance  matrix  M.  Using  these  estimates,  the  probability  r *(x)  for  each  patient  was  computed  by 
equation  10.  If  we  assume  that  rl(x)<  14  indicates  that  the  patient  will  survive  andthat  r'(x)>  W shows  that  he  will 
die,  then  we  find  that  this  rule  mitclanines  10%  of  the  patients.  Of  course,  this  does  not  indicate  that  the  estimate 
of  probability  is  only  90%  accurate.  Indeed,  a patient  with  the  probability  of  0.51  by  this  rule,  for  example,  it 
classified  as  dead,  yet  he  hat  0.49  chance  to  survive.  The  ucuracy  of  this  probability  must  be  tested  by  comparing 
the  frequency  of  nonsurviving  with  the  corresponding  probability  ; that  is,  by  comparing  the  expected  number  of 
nonturvivals  with  the  observed  number  of  deceased  patients.  The  turn  of  the  probabilities  computed  for  every 
patient  yields  the  expected  number  of  nonsurvivals.  In  our  case,  this  sum  it  238;  l.e.,  the  computed  mortality  rate  is 
0.4096  whereas  the  actual  mortality  rate  is  0.4010. 

This  is  only  a preliminary  result.  The  following  steps  must  be  taken  to  arrive  at  the  formula  for 
mortality  rate.  First,  the  normality  of  the  distribution  of  each  variable  and  the  hypothesis  on  equality  of  covariancet 
for  survivals  and  nonsurvivals  must  be  tested.  Secondly,  the  selection  of  variables  to  be  used  in  the  model  must  be 
made  according  to  their  joint  discriminating  power  instead  of  individual  discriminating  power  as  indicated  by  the 
statistical  significance  of  the  difference  of  the  mean  values  or  by  some  other  criterion.  Thirdly,  other  than  terminal 
data  should  be  used  and  the  formulas  for  mortality  rate  during  several  periods  of  time  should  be  derived,  Finally,  the 
dependence  of  the  model  on  the  cause  of  injury  should  be  examined. 

Successful  completion  of  these  steps  will  yield  a mathematical  model  for  mortality  rate;  i.e.,  an  analytic 
formula  that  expresses  the  mapping  of  systemic  vectors,  x,  Into  mortality  rates,  r’(x),  for  selected  time  intervals. 
Together  with  this  we  will  obtain  a collection  of  systemic  variables  that  are  adequate  for  relating  a patient's 
condition  to  the  corresponding  mortality  rate,  Let  X denote  the  set  of  vectors,  x.  of  systemic  variable*,  and  let  R be 
the  set  of  k-tuples  of  mortality  rates,  r(x),  in  the  specified  time  periods.  Thus,  we  have 

r:  X -*  R (II) 

The  next  step  is  to  collect  a set  of  human  accident  and  battlefield  data  that  include  the  needed 
information  about  the  projectile,  the  hit.  and  the  systemic  variables,  x.  at  a certain  time  after  wounding.  Suppose 
that  we  collect  such  data  for  several  types  of  projectiles,  The  same  type  of  Injury  can  be  simulated  through  animal 
experiments  and  the  systemic  response  variables  in  the  animal  cun  be  measured.  For  each  pePj.  we  get  the  animal 
systemic  variables.  We  denote  the  collection  of  these  variables  by  the  vector  g.  Thus,  for  each  pePj . we  obtain  a pair 
(g,  x).  Hence,  we  can  derive  an  empirical  mapping,  x ■ xfg),  that  maps  a subset.  G.  of  u set  of  till  pi.  rlblc  animal 
systemic  variables,  G,  into  u subset,  X,  of  systemic  variables  in  humans.  By  assuming  that  the  derived  formula,  x * 
xfg),  holds  for  every  point.  geC,  we  obtain  an  extension  d of  this  mapping 


n:  G -*  X (12) 

More  generally,  wc  may  use  suitable  interpolation  and  extrapolation  procedures  to  construct  a mapping1  J from  the 
pairs  (g.x). 
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Now  we  can  conduct  animal  experiments  with  projectiles  and  hits  not  included  in  the  accident  data  and 
we  can  generate  a number  of  triplets  (p,h,g),  where  p is  a set  of  projectile  descriptors,  h is  a set  of  hit  characteristics, 
end  g is  the  set  of  animal  systemic  response  variables.  We  can  use  these  sets  to  obtain  an  empirical  mapping 


I ■ i(P.h) 


(13) 


The  combination  of  this  mapping  with  equations  1 1 and  12  yields  r ■ <lfp2>);  i-e.,  the  collection  of  mortality  rates  for 
a projectile,  p,  and  the  hit,  h. 

Let  h|,  hj, 11^  represent  a collection  of  hits  that  are  of  interest  and  let  qj.  qj,  ...  qm  be  the 
p.  labilities  of  these  hits.  Then  the  mortality  rate  model  for  projectile  p Is  given  by 


P(P) 


q|f<p.h|) 


(14) 


In  order  to  complete  the  mortality  model,  we  need  to  obtain  a relation  for  expected  time  to  death.  We 
propose  to  derive  this  by  modifying  the  Gompertz  mortality  law  of  actuarial  mathematics.  This  law  states  that 
mortality  rate  m(t)  (probability  of  death)  at  the  age  t Is  given  by 

m(t)«aexp  [bexp(ct)),  (15) 


where  a,  b,  and  c are  model  parameters.  We  assume  that  deterioration  of  the  patient's  condition  Is  of  u.e  exponential 
type,  as  aging  Is;  but  the  rate  of  deterioration  is  much  faster  than  the  rate  of  aging.  Therefore,  the  same  mortality 
law  follows,  except  the  time  scale  is  different.  Thus,  we  can  obtain  an  empirical  mortality  law  from  equation  IS  by 
changing  the  time  scale.  The  new  scale  is  a function  of  injury;  l.e„  a (Unction  of  systemic  variables.  We  denote  the 
scale  factor  by  k(x)  with  systemic  variables,  x,  chosen  at  some  (ixed  time.  The  resulting  mortality  law  Is: 

#r(t) » a exp  {b  exp(ck(x)t)| . (16) 


Since  the  rate  of  deterioration  increases  with  the  severity  of  injury,  we  may  obtain  an  adequate 
representation  of  k(x)  In  terms  of  r(x)  which  reflects  the  severity  of  injury.  We  may  even  limit  ourselves  to  just  one 
component  of  the  vector  rfx).  say,  ri(x).  Since  the  scale  factor  increases  at  an  accelerated  rate  as  r|(x)gocs  to  I,  it 
seems  reasonable  to  expect  that  k(x)  has  a vertical  asymptote  at  r j(x>  ■ 1 or  at  least  an  increasing  slope  as  r |(x) 
approaches  I . Therefore,  simple  candidates  for  k(x)are  either  a reciprocal  of  a homogeneous  polynomial  in  1 • r ,(x) 
(or  more  generally  In  ( I • cr  j (x))  for  some  c < 1 ) or  an  exponential  of  thii  reciprocal;  l.e.,  we  write 

OCX)  - a0(l  ■ r !<x)| n + a,  [1  ■ r^x))"'1  + ..+an.,  |l-r,(x)|  (17) 


with  an.  j > 0.  We  may  chooae  either 


or 


k(x) ■ oe 


I 

Q(x) 


(18) 

(19) 


1 
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Tile  expected  time  to  death,  T,  is  given  by 


t|j(»>di. 


(20) 


where  u(t)  is  defined  by  equation  16  with  k(x)  replaced  by  equations  18  or  19  or  tome  other  suitable  function  such 
as  k(x)  ■ au|l  • r(x)] <l,  with  a >0,  but  not  necessarily  an  integer.  Integration  of  equation  20  yields 

T ■ T0k^(x)  (21) 

where  Tu  is  the  expected  lifetime  with  no  Injury.  Substitution  of  actually  observed  data  for  r j(x)  and  survival  time, 
T,  yields  an  overdetermined  system  with  coefficients  of  Q(x)  at  unknowns.  The  least  squares  solution  of  this  system 
yields  the  values  of  the  coefficients. 

VIII.  MORBIDITY. 

A mathematical  model  for  derangement  and  recovery  period  can  be  obtained  in  the  tame  fashion  as  the 
mortality  model  described  in  the  preceding  section.  In  fact,  derangement  may  be  defined  at  probability  of  death 
which  is  a measure  of  deviation  between  the  patient’s  present  condition  and  his  normal  state. 

A model  for  the  tolerance  period  could  also  be  obtained  in  a similar  fashion  if  we  could  get  data  within 
this  period.  Obviously,  the  tolerance  period  cannot  be  measured  directly.  It  can  be  obtained  as  an  assessment  by 
experienced  surgeons.  However,  another  way  to  estimate  the  tolerance  period  Is  at  follows: 

Suppose  we  have  at  least  two  determinations  of  systemic  response,  x,  at  the  successive  instances  of  time, 
say . 1 1 and  t2,  and  that  no  effective  therapy  was  instituted  prior  to  the  time  u.  With  these  and  themortality  model, 
we  can  compute  the  mortality  rates  rj  and  r^  at  the  times  t<  and  t2.  By  definition,  the  chance  for  recovery  does  not 
change  appreciably  during  the  tolerance  period.  Thus,  the  definition  of  the  tolerance  period  mutt  in  '<ide  a bound 
on  this  change.  Suppose  we  allow  the  probability  of  death  to  Increase  during  the  tolerance  period  by  the  factor  1 + e 
for  some  small  positive,  e.  We  use  the  values  of  r j and  r2  to  extrapolate  for  the  value  r0  at  t ■ 0 and  then  for  tp  to 
that  Htp)  • ( I + e)r0.  Then  tp  is  the  tolerance  period. 

If  the  data  as  just  described  are  not  available  in  sufficient  amounts  for  determining  an  empirical  relation 
between  systemic  variables  a d the  tolerance  period,  we  may  try  todetermine  the  effectiveness  of  the  therapy  instituted 
prior  to  t2  and,  consequently,  to  reduce  the  value  of  r2  to  discount  this  effect.  The  effectiveness  of  the  therapy  can 
be  estimated  by  comparing  the  mortality  rates  of  critically  injured  people  brought  to  the  hospital  shortly  after  injury 
with  the  mortality  rate  in  a similar  patient  group  who  arrive  at  the  hospital  with  some  delay. 

Once  the  tolerance  period  for  a number  of  patients  has  been  estimated  we  can  obtain  an  empirical  formula 
that  expresses  this  period  as  a function  of  systemic  variables  in  a manner  similar  to  that  described  in  the  preceding 
section. 


The  problem  of  permanent  Impairment  and  permanent  disability  Is  quite  different  since  here  the  outcome 
depends  on  wound  as  well  as  on  systemic  variables.  A model  for  permanent  disability  may  require  a series  of 
formulas,  at  least  one  for  each  subsystem  that  constitutes  a topic  of  any  one  of  the  guides.*'1  * 

This  problem  is  similar  to  the  problem  of  incapacitation,  which  seems  to  be  of  a greater  practical 
importance  than  the  problem  of  permanent  disability.  Therefore,  incapacitation  should  be  addressed  first  and  then 
the  approach  to  the  permanent  disability  should  be  patterned  according  to  the  method  developed  in  the  study  of 
incapacitation. 
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IX,  INCAPACITATION. 


Evaluation  of  antipersonnel  weapons,  perhaps,  depends  on  assessment  of  incapacitation  much  more  than 
on  any  other  consequences  of  the  injury.  Therefore,  this  part  of  the  wound  ballistics  problem  may  be  assigned  the 
first  priority.  In  view  of  the  complexity  of  this  part,  a stepwise  solution  should  be  sought. 

The  present  incapacitation  models  of  Kokinakis  and  Sperrazza1  express  probability  of  incapacitation  in 
terms  of  the  mass  and  the  velocity  of  a projectile,  No  eatimates  of  the  confidence  intervali  of  computed  probabtlitiea 
are  given.  However,  there  are  unpublished  investigations  of  the  confidence  intervals.  These  results  were  obtained  by 
at  least  two  different  approaches.  Both  ere  bated  on  the  eitumption  that  the  errora  of  log  [-log  (l-p)J , where  p la  the 
probability  of  incapacitation,  are  normally  distributed.  This,  perhaps,  is  a reaaonabie  assumption.  However,  there  ere 
certain  other  aasumptioni  in  this  study.  In  view  of  the  scarcity  of  the  data,  it  is  not  possible  to  obtain  a reliable  teat 
of  these  esiumptions.  Therefore,  it  it  desirable  to  obtain  confidence  intcr'ilt  bated  on  other  aesumptione  and  to 
examine  the  sensitivity  of  the  model  to  theae  assumptions,  The  sensitivity  of  the  model  to  the  values  of  parameters 
of  the  assumed  distributions  should  alto  be  determined.  The  result*  of  such  a study  should  be  published  together 
with  the  confidence  intervals  of  the  past  investigations  and  should  be  made  available  to  the  uiera  of  the 
incapacitation  models. 

The  next  step  should  be  to  assess  the  distribution  of  incipacitation  levels  associated  with  each  functional 
group  and  to  inveatigata  the  effect  of  this  on  the  final  model.  If  a definite  Incapacitation  level  Is  being  assigned  for 
each  functional  group  as  it  wu  done  in  arriving  at  the  models,1  then  the  eseumptions  under  which  such  an 
assignment  holds  should  be  examined  and  their  implication!  should  be  investigated. 

Similarly,  instead  of  aaiigning  a functional  group  to  each  wound  claasof  the  preient  approach,  one  should 
examine  the  probability  distribution  of  functional  groups  aa  a function  of  ihe  wound  clast.  The  effect  of  combining 
this  distribution  with  the  distribution  of  incapacitation  levels  should  be  Investigated. 

Alio  each  m lulls  trajectory  traced  on  an  anatomic  chart  should  not  be  assigned  a definite  wound  ciaii. 
Instead,  aome  probability  distributions  of  wound  classes  should  ba  associated  with  the  trace  of  a projectile  on  an 
anatomical  chart.  A combined  effect  of  all  these  probability  distributions  should  be  thoroughly  Investigate ' 

The  probability  distributions  mentioned  above  can  be  obtained  by  applying  the  Delphi  method  to  an 
appropriately  deviaed  questionnaire  accompanied  by  the  available  experimental  data.  A much  filter  and  eaaier 
approach  would  be  to  aatume  suitable  rangei  of  the  variablei  mentioned  above  and  simple  probability  diatrlbutioni 
over  these  ranges.  For  initance,  instead  of  assigning  the  functional  group  X to  s particular  wound,  we  may  say  that 
the  wound  causes  functional  groups  IX,  X,  and  XI.  all  with  equal  probabllitiei  of  one-third  or  with  some  other 
probabilities. 

Further,  probabilities  of  particular  traces  should  be  reevaluated  either  on  the  basil  of  available  field  data 
or  by  considering  more  realistic  relation  between  the  position  of  the  body  and  the  path  of  a projectile,  rather  than 
an  upright  frontal  expoture  to  horizontal  paths  of  projectiles. 

All  that  is  said  so  far  in  this  section  concerns  Itself  with  a devaluation  of  the  existing  experimental  data 
and  of  the  past  analysis  of  these  data.  Additional  atudiei  should  be  conducted  in  a stepwise  construction  of  new 
models.  First  of  all,  one  mey  examine  wounding  mechanisms.  To  begin  with  a physiological  effect,  we  may  examine 
autopsy  and  histological  records  of  the  past  experiments  end  attempt  to  determine  if  the  total  amount  of  tiaiuc  that 
should  be  debrided  can  be  estimated  from  these  records.  The  data  of  the  put  experiment!  alio  Include  retardation 
coefficients  by  various  tiuuei,  Therefore,  it  Is  possible  to  deviu  tiuue  simulants  that  produce  the  same  retardation 
and  to  collect  new  experimental  data  with  these  simulants  in  order  to  obtain  the  forces  postulated  In  a wounding 
mechanism  as,  for  initance,  F|  and  Fj  of  section  V.  The  tiuue  simulants  could  be  used  to  obtain  empirical  relations 
between  projectile  perimeters  and  theToreea  Fj  and  F2. 
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Determination  of  Fj  and  F2  or  tome  other  force*  according  to  the  assumed  wounding  mechanUm  for 
wound*  of  the  past  experiments  will  yield  a tabular  relation  between  these  forces  end  the  ultimate  cavities  and 
ultimate  cuts.  We  can  use  this  tabular  relation  to  determine  an  empirical  model  that  expresses  the  wound  in  terms  of 
F]  »nd  Fj  If,  as  suggested  above,  Fj  and  F2  are  expressed  in  terms  of  projectile  parameters,  we  can  obtain  a 
mapping  or  these  parameters  onto  a wound  in  a soft  tissue. 

In  order  to  obtain  at  least  partial  results,  which  would  constitute  a first  approximation  to  the  desired 
solution,  we  may  assess  incapacitation  induced  by  the  wounds  with  specified  ultimate  csvtty  and  ultimate  cut  only 
for  soft  tissues  of  grots  anatomical  components  such  si  the  head  (brain),  thorax,  abdaman,  and  extramitiu.  Instead 
of  considering  the  effect  of  various  projectiles,  wt  examine  the  effect  of  various  wounds  end  construct  in  empirical 
mode]  of  incapidtatlon  that  relates  the  ultimate  cavity,  the  ultimate  cut,  end  histopathology  to  ineapecitatiai.  The 
combination  of  this  model  with  the  previously  described  relation  of  projectile  parameters  to  around  parameters 
yields  a first  approximation  of  the  incapacitation  modal . 

Consideration  of  skeletal  structure  is  well  as  soft  tiuue,  a flnar  subdivision  of  htad,  thorax,  stc.  into  thair 
anatomical  components,  and  application  of  analysis  described  in  this  report  would  yield  t better  approximation  to  a 
dtdred  model. 
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